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ABSTRACT

Carbon fiber composites have become popular in aerospace structures and applications due to
their light weight, high strength, and high performance. Hybrid carbon fiber reinforced polymer
(HCFRP) composites with alumina nanoparticles reinforcement display improved material properties such as fracture toughness, resistance to crack propagation and improved fatigue life. However,
homogeneous dispersion of nanoscale materials in the matrix is important for even distribution of
the improved properties. Implementing silane coupling agents (SCAs) improves dispersion by acting as a bridge between organic and inorganic materials, which increases interfacial strength and
decreases sedimentation by bonding the particulate filler to the fiber reinforcement. This research
is aimed at quantifying the improvement in dispersion of nanoparticles and elucidating the effects
on the mechanical property of HCFRP samples through the novel use of photoluminescent characteristic peaks emitted by the alumina reinforcement particles. Photo-luminescene emission from
secondary reinforcement particles of alumina embedded within the hybrid carbon fiber composites
is leveraged to reveal microstructural effects of functionalization and particle weight fraction as it
relates to overall composite mechanics.
6, 9 and 12 weight percentage of alumina particle loading with Reactive Silane Coupling Agents,
Non-reactive Silane Coupling Agent surface treatments and untreated condition are investigated in
this research. Uniaxial tensile tests were conducted with measurements using piezospectroscopy
(PS) and concurrent digital image correlation (DIC) to quantify the mechanical property and load
distribution between the carbon fiber/epoxy and the reinforcing nanoparticles. The piezospectroscopic data were collected in an in-situ configuration using a portable piezospectroscopy system
while the sample was under tensile load. Photoluminescence results show the dispersion and sedimentation behavior of the nanoparticles in the material for different surface treatment and weight
percentage of the alumina nanoparticles. The piezospectroscopic maps capture and track the residiii

ual stress and its change under applied load. The results reveal the effect of varying particle loading
on composite mechanical properties and how this changes with different functionalization conditions. The role of the particles in load transfer in the hybrid composite is further investigated
and compared with theory. This work extends the capability of spectroscopy as an effective noninvasive method to study, at the microstructural level, the material and manufacturing effects on
the development of advanced composites for applications in aerospace structures and beyond.
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”You can’t cross the sea merely by standing and staring at the water.”
- Rabindranath Tagore
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CHAPTER 1: INTRODUCTION

Motivation and Background

The future of aerospace structures is highly dependent on the advancement of reliable and high
performing materials [6]. One group of high performing materials includes carbon fiber composites, which have become widely used in aerospace applications due to their high strength to weight
ratios [7]. Specifically, hybrid carbon fiber reinforced polymer (HCFRP) composites are a growing area of interest for aerospace researchers, since they provide advanced tailoring and improved
mechanical properties [8, 9].

Schematic representation of hybrid
carbon fiber composite reinforced
with alumina nanoparticle

Intensity (a.u.)

Laser source focusing
on both damaged &
undamaged site
Stressed state
Unstressed state

Wavenumber(cm-1)

Addition of stress-sensitive
nanoparticles allows for early
damage detection in local
emission spectra

Figure 1.1: Applications of hybrid carbon fiber composites for aerospace applications, improving
material properties and allowing for stress sensing

Certain hybrid composites can be engineered to not only provide improved mechanical properties,
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but also provide multi-functionality through inherent sensing capabilities. Hybrid carbon fiber
alumina nano-composites provide improvements in mechanical properties [10, 11, 12] and has the
potential to offer non-contact stress sensing capabilities through the alumina nanoparticles inherent
photo-luminescent piezospectroscopic properties [13, 14, 15]. The research challenge that presents
itself here is one where both functions must be optimized with the appropriate configurations of
materials and property parameters. Here, the goal is to design these composites with enhanced
sensing capability from the photoluminescence characteristics while maintaining the capacity of
improved mechanical properties, namely fracture toughness. A successful configuration of parameters will enable structures with superior toughness and added sensing properties that report
structural integrity.
In this research effort, in order to study the stress sensing abilities of the alumina HCFRP, three
varying HCFRP panels were manufactured with alumina nanoparticles at 6, 9 and 12 weight percent content, through a technique known as resin infusion under flexible tooling (RIFT). For better
dispersion and reduced sedimentation and agglomeration, alumina nanoparticles were treated with
two silane coupling agents i.e. reactive silane coupling agent (RSCA) anf non-reactive silane
coupling agent (NRSCA). At pre-determined static tensile holds, photo-luminescence maps were
obtained from the front surface in order to study the piezospectroscopic stress sensing ability of
the material, and digital image correlation (DIC) images were simultaneously captured on the back
surface to track and compare strain distribution in the material. The photo-luminescent mapping
technique was also used to study the dispersion of nanoparticles of each surface of the composites [1].
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Applications of Piezospectroscopy in Material Characterization

Applications using the piezospectroscopic technique began with the widespread use of the R1 line
to monitor pressure in diamond anvil cells [16] followed by the determination of stresses in polycrystalline ceramics [17, 18, 19] and alumina-filled composites for electronic applications [20].
The method gained importance over the last two decades as a means to assess the integrity of the
thermally grown oxide (TGO) layers of thermal barrier coatings [21, 22, 23, 24] on jet engine
turbine blades. An ex-situ photo-luminescence spectroscopy study was conducted to investigate
the stresses within the thermally grown oxide of a thermal barrier coating in complex realistic
conditions, such as induced thermal gradients, and long duration aging [3]. The resulting high
spatial resolution stress contour maps highlight the development of the thermally grown oxide in
response to the complex conditions. But the stress induced in the structure was not large enough
to determine the piezospectroscopic coefficient for the system.
In further work, a novel method to verify the particle dispersion and volume fraction in aluminaepoxy nanocomposites using PSLS was presented. The application of this method as a quality
control technique can greatly improve the manufacturing of these nanocomposites and, therefore,
ensure optimal properties are achieved in applications in which the addition of nanoparticles to
an epoxy or polymer are used to improve the mechanical properties [1]. A uniaxial compression
test was conducted to determine the piezospectroscopic coefficient for the alumina-epoxy nanomaterials for different volume percentages and with highest compressive stress of 120 MPa, the
frequency shift measured was 0.7 cm−1 [14].
The potential to monitor real-time stress evolution with high, multi-scale spatial resolution was
demonstrated using piezospectroscopy and verified through direct comparison with DIC [25]. The
stress-sensing behavior of alumina-epoxy nanoparticle coating was applied to a composite substrate in an open hole tension configuration and validated with the biaxial strain field concurrently
3

determined through digital image correlation. The coating achieved early detection of composite
failure initiation and subsequently tracked stress distribution in the immediate vicinity of the crack
as it progressed, demonstrating non-invasive stress and damage detection with multi-scale spatial
resolution [25].
A quick and comprehensive technique to quantify dispersion of particles in hybrid composites
using photoluminescence property of embedded particle was developed by Hanhan et al [2]. In
this work, the technique is being used to quantitatively determine load distribution on the alumina
particles. The piezospectroscopic property of alumina particles under mechanical load allows the
determination of the load carrying contribution of the particles and a better understanding of the
reinforcing mechanism. In further work, silane functionalization was introduced to improve the
dispersion of the nanoparticles and reduce agglomerations which adversely affect material properties [26].

Hybrid Carbon Fiber Reinforced Polymer Composites (HCFRPs)

Hybrid carbon fiber reinforced polymer (HCFRP) composites consist of carbon fiber reinforcements with a particulate filler, a secondary reinforcement which provides enhanced hybrid properties [27]. HCFRPs are promising materials that utilize these reinforcements to increase the crack
initiation toughness [28], increase fracture toughness [29], and improve tensile elastic modulus [30]. However, dispersion of the reinforcing particles affects these improvements. Uniformity
of the reinforcement distribution offers much better mechanical performance [31]. The use of sonication in processing is one of many methods that improves the dispersion [32]. It is not an easy task
to achieve homogeneous dispersion of nanoparticles because of the challenges in phase separation
and agglomeration [33]. To mitigate the these adverse effects, a number of functionalization techniques are being used. Silane coupling agents originated as surface treatments used to strengthen
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the interface between fiber and matrix in glass fiber reinforced polymer composites [34]. Recent
work has shown improvements in the dispersion of alumina nanoparticles within a polymer matrix,
improving elastic modulus and tensile strength, through surface modifications with silane coupling
agents [35]. The improvement in dispersion of particles arises from the reduced particle to particle
interactions that contribute to agglomeration [36]. In addition to providing for improved particle
dispersion, the chemical bonding of the particulates to the matrix can also provide for a higher
particle-matrix interfacial strength when compared to unmodified particles [37]. Another type of
particle surface treatment known as non-reactive coupling agents are also explored due to their
benefits in improving particle dispersion through decreasing particle surface tension which in turn
decreases particle interactions at the potential cost of a weakened particle/matrix interface [38].
Researchers have been investigating many ways to quantify the improvement in dispersion of
nanoparticles due to its significance in different fields. One study used the traditional method of
micrographs to classify the dispersion-quality of nanoparticle composites [39]. Also, quantitative
dispersion characterization method [40] and wide angle X-ray scattering method have been used
to characterize the performance of nanocomposites with respect to their morphological configuration [41]. Characterizing the consequence of non-homogeneous reinforcement distribution on
the mechanical properties of these materials is still important. Secondary reinforcement particles
of alumina embedded within the hybrid carbon fiber composites have an additional photoluminescent property that allows measurements to provide dispersion and stress results from characteristic
peaks emitted by the particles [42, 43, 44] and this has been the focus of our research. Figure 1
represents a schematic for application of HCFRPs in aerospace industries and the stress sensing
capability of alumina embedded HCFRPs.

5

Overview of Research

An examination of non-destructive testing techniques for application in determining material readiness for commercial application, providing in-situ measurements for remote testing, and noninvasive examinations of sensitive equipment is of great interest to both industry and the research
community. Analysis of material properties and loading response under working conditions can
provide valuable information for advancing novel materials application into industry. Currently, a
lack of material properties and response under loading conditions limit our understanding of mechanical behavior of the hybrid carbon fiber reinforced polymer composites. Herein a discussion
of the motivation behind the research is presented, aimed at the introduction of multi-functionality
in fiber composites. An overview of non-destructive characterization is developed. In Chapter 2
an introduction to the theory and measurement methods is detailed, including Photoluminescence
Spectroscopy and piezospectroscopy. Data analysis and fitting procedures for developing particle
dispersion and stress behavior is also outlined. Chapter 3 describes the application of nanoparticle
reinforcement as well as using alumina as a reinforcement including its silane functionalization
technique. The specimen materials, geometry, and experimental setup are detailed in Chapter 4.
Specimen manufacturing and methodology of loading and measurements techniques are described.
A combination of non-destructive testing techniques on the materials is discussed. Dispersion and
piezospectroscopic results from the experiment along with DIC results are presented in Chapter
5, including the findings from the dispersion and the piezospectroscopic maps. In Chapter 6 the
conclusions and future outlook of these non-destructive testing methods will be discussed.
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CHAPTER 2: PIEZOSPECTROSCOPY METHOD

Photoluminescence Mechanisms in Alumina

The photoluminescence phenomenon occurs in alumina through the excitation of trace chromium
ion impurities. Investigations into the photoluminescenct emissions originated with pressure measurements in diamond anvil cells [45] and stress measurements in the thermally grown oxide layer
of thermal barrier coatings [46]. Recent work has utilized this technique for the characterization
of stress and dispersion behavior of composites systems with alumina reinforcement [14, 2, 47].

Cr3+

4T

2

2Ā
2A

Ē

4A
2

R2~14430cm-1
R1~14403cm-1

Ground State

Figure 2.1: Electron diagram showing energy levels associated with Al2 O3 photoluminescence [1]

The photoluminescent properties of alumina are generated from the chromium (Cr3+ ) substitutional impurities [48]. These impurities occupy sites with trigonal distortion. When these
7

chromium impurities are excited with a laser, the material emits photons that are distributed in the
shape of the characteristic R-line doublet. This results from the photoluminescence phenomenon, a
schematic of which is presented in Figure 2.1. Photoluminescence is defined as a non-equilibrium
emission of radiation caused by a photon excitation [49]. This radiation, from the Cr3+ ions, occurs as a transition from the lowest energy excited state (2 Eg ) to the ground state (4 A2g ) of the
ion [50]. This transition is highly unlikely because of a spin flip requirement, being a change from
a doublet to quartet energy state, which prevents a direct excitation from the ground state to the
2

EG energy level. The photoluminescence mechanism in alumina therefore necessitates a nonra-

diative transition from higher energy quartet states (4 T1g and 4 T2g ) to the 2 Eg state. The distortion
present at the substitution site provides for a splitting of the 2 Eg energy level into an Ē and a 2Ā
energy state which results in the doublet emissions [50].

Photoluminescence Piezospectroscopy

Investigations regarding the evolution of the piezospectroscopic effect (PS) and the corresponding
theoretical principles in alumina materials (Al2 O3 Cr3+ ) is extensive. A shift in the characteristic
R-lines of α-alumina results when the crystal field that encompasses the chromium (Cr3+ ) ions
within the alumina distorts due to applied stress, causing a change in the energy of the electronic
transfers [51, 52]. Gaining popularity as the first laser material, ruby (Cr3+ -doped sapphire) crystals were studied and applied to a variety of applications including the elucidation of the crystal
field theory of ruby luminescence [53]. Modifying the theoretical models for the PS effct, Forman [54] developed the following relationship between the frequency shift of the R-lines and
hydrostatic stress:

∆ν = πσH

8

(2.1)

where σH is the hydrostatic stress and π represents the PS coefficient. Furthermore, by averaging
over many grains at random orientation, He and Clarke [29] introduced a reduced polycrystalline
model given by

1
∆ν = πii σii
3

(2.2)

where πii is the trace of the experimentally measured PS coefficient tensor and 31 σii is the hydrostatic stress. In this work, the peak shift over many randomly oriented grains from many nanoparticles, ∆ν, is measured using the novel Portable Piezospectroscopy System [4], and correlated to
the stress applied by the mechanical testing system, as well as to the strain measured via digital
image correlation (DIC). Therefore, the piezospectroscopic (PS) coefficient, is given as a typical
measure of the stress sensitivity in units of cm−1 /GPa [55, 29, 14]. Recent measurements from
the piezospectroscopic calibration of alumina-epoxy nanocomposites, presents piezospectroscopic
coefficients for three different volume percentages [5]. The piezospectroscopic coefficients were
determined for compressive stress and the coefficient varied from 3.16 to 5.63 cm−1 /GPa for 5 to
38 vol%.

Photoluminescence Collection and Fitting Methods

For the collection and processing of photoluminescent emissions, it is necessary to utilize several
systems. For this work, photoluminescent emissions were captured using a portable piezospectroscopy system. The system utilized for collection of large area photoluminescent emissions
combined several different optical systems. A MATLAB R program [55], based on a least squares
fitting function is utilized for processing. Preprocessing steps [56] are required in order to prepare
the least squares algorithm for doublet fitting. The first process performed is the sectioning of
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the data. The frequencies included in the raw data generally contain excess information that can
distort the least squares fitting process. As a result, points are selected where the derivative of the
R-line tails is equal to zero. Data outside of this range is removed, leaving just the desired R-line
spectrum. The bounds are also used to define the baseline. This baseline intensity can then be
removed through linear fitting. The result of the final step is the determination of the initial guess
for the R1 and R2 pseudo-Voigt functions. Using an estimation of the fitted peaks from the raw
data, the initial guesses for the full width at half maximum (FWHM), peak position, area under the
curve, and Gaussian ratio for both peaks of the doublet are determined.
The pseudo-Voigt functions used to fit both peaks of the doublet are a convolution of Gaussian and
Lorentzian line-shapes and have been shown to be an accurate function for the fitting of symmetric
peaks [57]. This function assumes that the line-widths of Gaussian and Lorentzian components are
equal and is represented as follows [55]:

Φ(ν) = 2A[ΦG (ν) + ΦL (ν)]

(2.3)

The Φ(ν) term is the combined function, the ΦG (ν) term is the Gaussian function, and the ΦL (ν)
term, is the Lorentzian function, and A is the integrated intensity under the spectral function. The
Gaussian and Lorentzian functions are shown in Equations 2.4 and 2.5 respectively [55].

GR
ΦG (ν) =
W

r

ΦL (ν) =

ln2
ν−C 2
exp(−4ln2(
))
π
W

(2.4)

LR
πW [1 + 4( ν−C
)2 ]
W

(2.5)
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For both Gaussian and Lorentzian functions, W is the FWHM, A is the area under the curve, and C
is the peak position. The GR term in Equation 2.4 represents the Gauss Ratio, which represents the
contribution of the Gaussian lineshape to the pseudo-Voigt function, and is related to the Lorenz
Ratio (LR) by GR = 1 − LR. The R1 and R2 pseudo-Voigts are combined in Equation 2.6
to represent the R-line doublet function which contains 8 variables (4 variables for each pseudoVoigt) [55]. Relationships between R1 and R2 variables based on applied load exist and are used
to set the upper and lower bounds in order to tie the physical phenomena with the curve fitting
algorithm [56, 58].

Φdoublet (ν) = ΦR1 (ν) + ΦR2 (ν)

(2.6)

Dispersion Analysis Process

Photoluminescence measurements are a promising alternative to traditional dispersion analysis
methods. These traditional methods involve processing of micrographs into binary images, where
particles can be computationally resolved, allowing for characterization of agglomeration behavior [59, 60]. However, these techniques have limitations arising from micrograph quality. These
occur from unclear particle boundaries in addition to the presence of hidden particles [61] not
clearly resolved. As such, for the large scale characterization of dispersion behavior it is necessary
to utilize a different technique.
Photoluminescence spectroscopy was developed in work preceding this for the characterization of
dispersion in polymer nanocomposites [5]. With this technique, the intensity of photoluminescence
emissions are compared across a scanning regions. Locations with higher intensity emissions
have higher alumina concentrations. Significant deviations in surface intensity distributions are
indicative of poor particle dispersion. This method was utilized in order to characterize dispersion
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in hybrid carbon fiber composites [2], and is further developed in order to provide for quantitative
analysis of intensity distributions for determination of optimal dispersion behavior. An example of
a photoluminescent map with a schematic of local data is presented in Figure 2.2.

Figure 2.2: Photoluminescence intensity map with data schematic showing local variations in
intensity corresponding to particle dispersion[2]

In Figure 2.2, the locations with high alumina nanoparticles have higher R1 and R2 intensity
compared to the locations with lower alumina particles. Each point in the contour map represents
amount of alumina nanoparticles present at that point. Material properties such as, agglomerations,
low particle concentration at the stitching area are also recognizable in the dispersion map[2].

Piezospectroscopic Analysis

This technique can similarly be applied to the mapping of stress across a sample surface. Work
preceeding this has utilized digital image correlation and piezospectroscopy for the analysis of
carbon fiber samples coated with a non-reinforcing stress sensing coating undergoing open hole
12

tension tests [25]. It was found that this technique provided for earlier crack detection when compared to DIC. This technique can provide for unique measurements of internal composite stresses
in different local regions. Embedding of nanoparticles within the carbon fiber composite allows for
measurements of load transfer from matrix to particles, which can be extrapolated to provide overall composite load transfer behavior [62]. This stress sensitivity occurs alongside the mechanical
property reinforcement through nanoparticle reinforcement. For the work presented, piezospectroscopy is utilized in order to characterize residual stress resulting from sample manufacturing
and load contribution to the applied stress in the embedded nanoparticles. A peakshift map is
presented in Figure 2.3 with schematics of shifted R-line corresponding to stress variations experienced across the sample surface. This type of peakshift map has been used to describe the stress
distributions from the thermally grown oxide(TGO) in thermal barrier coating(TBC) [3]
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Figure 2.3: Surface peak shift maps show stress distributions in TBC sample from mechanical
loading [3]

It is significant to note that the peakshift map is a representation of stresses specifically from the
alumina on a multiphase sample. Figure 2.3 demonstrates how the stresses in the specific alumina
TGO can be distinguished from other TBC layers. Similarly, data from HCFRP samples showing
peakshift will directly represent the stress only within the alumina. This enables the observation
of a single phase from a three phase material. The results enable a unique insight into the load
transfer amongst the three phases within the HCFRP.
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CHAPTER 3: FUNCTIONALIZATION OF HYBRID CARBON FIBER
REINFORCED POLYMER COMPOSITES

Nanoparticle Reinforcement

Carbon fiber composites hybridized with alumina nanoparticles are promising next generation materials offering improved properties such as fracture toughness [63], crack initiation toughness [31],
and elastic modulus [43] among others [64, 65]. However, these benefits are highly dependent
on the homogeneous dispersion of the added nanoparticles [32]. Increasing volume fraction of
nanoparticle inclusions results in the presence of agglomerations which act as stress concentrators [66] acting to promote earlier failure. Implementing silane functionalization has been shown
to improve material properties by reducing particle agglomeration and creating an even distribution of the particles which further improves mechanical properties of the material [37, 67]. The
measurements from photoluminescence spectroscopy provide a unique way of quantifying these
improvements through dispersion measurements from functionalization and bonding information
from peakshifts. Here the scientific basis for the effects of functionalization is described and how
this is related to the physical basis of the effect on dispersion and agglomeration. This allows for an
understanding how the spectroscopy results presented in later chapters correlate with the physical
mechanisms of functionalization.

Al2 O3 as a Reinforced Nanoparticle

Carbon fiber composites are desirable materials for aerospace applications due to their high strength
to weight ratio [7]. However, the two component nature of these materials limits property optimizations as manufacturers are forced to select properties on a linear spectrum of possible values [68].
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The introduction of a secondary matrix reinforcement provides for a greater spectrum of selectable
material properties. Alumina particles are promising as a secondary reinforcement due to their
potential for improvement of mechanical properties such as elastic modulus and fracture toughness [69].

Particle
Reinforcement

Matrix

Matrix

Al2O3
particles

FIBER
Crack
propagation

FIBER
Crack
propagation

Epoxy
Matrix

Fiber
Reinforcement

Figure 3.1: The secondary reinforcements increase toughness by shear band yielding resulting in
resisting crack propagation

Inclusion of secondary particles have been shown to provide for increases in microcrack stress,
interlaminar shear strength, and transverse strength in fiber composites [70]. Improvements to
composite flexural and interlaminar shear strength results from toughening of the matrix combined
with increased roughness at the surface of the fiber-matrix interface; improvements to fracture
toughness results from increased crack deflection due to the secondary reinforcement [10]. This
crack deflection mechanism, shown in Figure 3.1, also results in improved tensile modulus and
strength [71].
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Dispersion and Agglomeration of the Nanoparticles

Polymers reinforced with nanoparticles are desirable due to their unique properties and reinforcing
effects. Nanoparticles offer high surface energies, due to a high surface area to volume ratio, which
greatly improves mechanical properties when compared to bulk material [72]. However, this high
surface energy leads to high particle attractive forces resulting in agglomerations which decrease
composite strength [69]. Polymer composites with a large presence of agglomerations have decreased polymer density and an increased polymer chain radius of gyration [73] when compared to
polymer composites with the same volume fraction of well dispersed particles, which negatively
impacts stiffness. In addition to weakening the polymer through adjusting the morphology, particles act as stress concentrators which further weaken mechanical properties [66]. To maximize the
benefits of the incorporated nanoparticulate filler, it is necessary to optimize manufacturing parameters for the reduction of particle agglomerates. This can be done through adjusting manufacturing
methods or application of components which mitigate agglomerate formation.

Surface Treatment with Silane Coupling Agents

Silane coupling agents (SCAs) are chemicals which serve to improve bonding of an organic matrix
to a dissimilar material, such as an inorganic nanoparticulate filler [74, 75]. Implementing silane
coupling agents (SCAs) improves dispersion by acting as a bridge between organic and inorganic
materials, which increases interfacial strength and decreases sedimentation by bonding the particulate filler to the fiber reinforcements [67, 76]. This study focuses on two types of coupling agents,
reactive silane coupling agent (RSCA) and non-reactive silane coupling agent (NRSCA). RSCAs
create a covalent bond between the particle and matrix. NRSCAs do not react chemically and
results in reduced surface tension [32].

17

Central silane structure

Al2O3
Selected
organofunction
Central
al groups
silane
structure

Al2O3

Al2O3

Epoxy matrix

H2O

Bonding of organofunctional group
to epoxy matrix through reactions
such as, copolymerization,
amidation, hydrogen bonding, etc.

Hydrolysis of groups provides for covalent
bonding of SCA to surface alumina atom

Figure 3.2: Organofunctionality of silane coupling agents (SCAs) improves dispersion in
nanocomposites

A schematic for the mechanisms of SCAs is shown in Figure 3.2. The mechanism for SCA bonding
to mineral surfaces is a hydrolysis process which creates silanol groups through hydrolyzable group
intermediaries for bonding to mineral surfaces [36]. The organofunctionality of these materials is
unlocked through the selection of organofunctional groups compatible with the polymer matrix.
For the materials tested in this work, an epoxy-functional silane compound is selected to react with
the epoxy matrix. These materials are created through either the epoxidation of unsaturated silanes
or through the addition of silanes to unsaturated epoxides [77]. These epoxide groups react with
epoxide groups from the matrix to form a strong covalent bond.
Reactive bonding from the particles to the matrix has the potential to reduce overall mechanical
properties through prevention of particle-matrix debonding, which is a mechanism for accommodating large plastic strains, causing earlier failure in the composite [78]. This behavior is dependent
on the stiffness of the particle-matrix interphase, and selection of proper coupling agents can mitigate this failure mechanism. In addition to facilitating mechanical reinforcement, the silane cou18

pling agent also has the potential to improve the stress sensing properties of the alumina nanoparticles within the composite through a strengthened interface. Previous work noted a maximum
particle stress indicative of particle-matrix debonding, ultimately decreasing the efficacy of the PS
technique at higher loads [39]. A stronger interface providing improved composite load transfer to
the particles allows for accurate stress measurements at loads reaching composite failure.
A distinct class of silane coupling agents are also explored in this work. These agents are referred
to as non-reactive silane coupling agents (NRSCAs), and are termed such based on the incompatibility of the organofunctional groups with the matrix [79]. As a result, covalent bonding does
not occur and adhesion is dominated through weak Van der Waals interactions. While interface
strength is greatly lower when compared to reactive coupling agent treatments, these treatments
still provide benefits. The lack of covalent bonding is reported to provide lower polymerization
stresses [79]. Improvements to particle dispersion is also reported due to a reduction in particle interactions from reduced surface tension; however this decreases particle-matrix interactions which
can ultimately decrease material properties [38].
The modification in bonding that occurs with the implementation of the SCAs is shown to be
quantifiable through piezospectroscopic measurements in this work. These results provide microstructural information on the local effects on agglomeration and dispersion. The overall effects
of SCAs on dispersion are quantified through dispersion maps.
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CHAPTER 4: MATERIALS AND EXPERIMENTAL SETUP

Material Manufacturing

The hybrid carbon fiber samples investigated in this work were manufactured by collaborators at
Imperial College London and are a combination of three components: being the alumina nanoparticles, carbon fibers, and polymer matrix. These samples were manufactured through a technique
known as resin infusion under flexible tooling (RIFT) [27]. A total 18 samples of 9 combinations
as shown in Table 4.1 were prepared for the test.

Table 4.1: All combinations of manufacturing parameters for the creation of 9 unique samples
6 wt%

9 wt%

12 wt%

Untreated

x

x

x

NRSCA treated

x

x

x

RSCA treated

x

x

x

Nanoparticle/Polymer Mixture

To allow for measurements based on photoluminescence, alumina nanoparticles were included as
a secondary filler in the carbon fiber composites. The nanoparticles used were α-alumina with an
approximate grain size of 40 nm and an average particle size of 150 nm [80]. These were supplied
as a powder by Inframat Materials LLC, Connecticut, USA. The epoxy matrix was Epikote 862
(a Bisphenol F and epichlorohydrin based resin) cured with a stoichiometric quantity of Epikure
3402 (an aromatic di-amine based curing agent) supplied by Momentive Materials, Bolton, UK.
Silane coupling agents were applied as surface coatings to the nanoparticles in order to improve
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the dispersion prior to the processing. Two different types of silane coupling agents were used,
supplied by Sigma-Aldrich, Gillingham, UK. γ-glycidoxypropyltrimethoxysilane was used as a
reactive silane coupling agent (RSCA) and γ-glycidoxypropyltrimethoxysilyl was used as a nonreactive silane coupling agent (NRSCA). The reactivity of the surface treatments relates to their
interactions with the epoxy matrix. The RSCA reacts chemically with the matrix via its amino
groups and the epoxide groups of the matrix. The NRSCA treatment does not have the compatible
organofunctional groups needed for matrix bonding. Both treatments contain the necessary silanol
groups to react with hydroxyl groups in order to bond covalently with the surface of the alumina
nanoparticles.
The alumina nanoparticle-resin mixture was prepared in an as-required batch process whereby the
necessary quantity of nanoparticles was weighed into a large beaker. The silane coupling agent was
then added directly to the particles and the mixture was stirred by hand until complete wetting of
the particles was observed. The epoxy resin was then added to the system and stirred for 15 minutes
at 150 rpm at a processing temperature of 50◦ C. Following this, the mixture was homgenized using
an ultrasonic processor (Cole Parmer, London, UK). This process improves dispersion of particles
suspended in a liquid solution through ultrasonic vibrations. These vibrations cause cavities to
form in the mixture and upon their collapse provide a force which is capable of breaking up large
particle agglomerations and dispersing particles more evenly throughout the solution [81]. The
samples were sonicated for 1 hour in batches of 250 ml. The process generates significant levels of
heat and thus the sonication was carried out with the mixture partially submerged in an ice-bath to
prevent excessive temperature rises, which would degrade the resin. The particles in the sonicated
mixture were observed to remain in suspension over a number of days. Following the sonication,
the nanoparticle-resin mixture was thoroughly degassed in a vacuum chamber at a temperature of
50◦ C. Finally, a stoichiometric quantity of hardener was added, mixed mechanically for 15 minutes
and degassed.
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Infusion of Carbon Fibers

Unidirectional carbon fiber sheets (UT-C400, Marineware, UK) with a tow size of 12k were used
for all composite manufacture [82]. The samples were manufactured using resin infusion under
flexible tooling (RIFT) with the fiber direction parallel to the direction of flow of the polymer [83].
Eight plies of carbon fiber were laid up and this produced a carbon fiber plate with a nominal
thickness of 3 mm. RIFT is an effective method that allows for the infusion of the nanoparticleresin mixture and provides for a relatively void-free composite. Alumina weight fractions of the
matrix were maintained at values of either 6, 9, or 12 wt% in the resin. The samples were cured
for four hours at 120◦ C with a post cure for a further four hours at 170◦ C.

Flow media

Resin flow front
Carbon fiber stack

Side A

Vacuum
bag
Peel ply
Flow
media
Peel ply
Carbon fiber stack
Peel ply
Flow media
Polyimide film

Resin
inlet
Side B

Vacuum reservoir

Figure 4.1: Schematic of resin infusion under flexible tooling (RIFT) method

Three particle loadings, 6 wt%, 9 wt% and 12 wt% with RSCA, NRSCA or untreated surface
nanoparticles are studied in this work. Two samples from each of nine categories were tested
providing a total of 18 samples. Each set was cut from different locations from the same composite
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sheet using a waterjet cutter. The fiber volume fractions of the composites were measured for
validation using optical microscopy of cross-sections. Carbon fiber volume fractions of 57 ± 3%
were obtained for the finished composites.

Sample Preparation

Here, we describe the details of the sample preparation. Upon curing, samples were machined
from the bulk composite material for analysis. Waterjet cutting was utilized due to the techniques
low cutting force and lack of thermal distortion, which is associated with other machining techniques [84]. The sample dimensions were selected as 100x10x3 mm3 . A sample along with a
schematic are presented in Figure 4.2. The sample surface is seen to not be completely smooth and
instead is patterned with regularly spaced hills and troughs. This patterning is the artifact of the
flow media used during infusion of resin which is shown in Figure 4.1.

Figure 4.2: Schematic of design with labeled dimensions and image of a sample before test
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Experimental Setup

The experiment was carried out in two phases; in the first phase, dispersion of the alumina particles
at both sides of the sample were determined using the portable piezospectroscopy system. These
dispersion maps not only produces results for dispersion and sedimentation analysis, but also allows for the identification of each side, side A and side B, of the sample. Side A was noted to
identify lower alumina content while side B contains more alumina contents due to sedimentation
effect. The piezospectroscopic data was collected on side B that held large amount of particles
whereas DIC images were taken from side A. In the second phase, unidirectional tensile test was
performed on the samples and piezospectroscopic and digital image correlation (DIC) data were
collected simultaneously with the increased load.

Portable Piezospectroscopy System

The main system used for the non-contact stress measurement experiments is a novel and compact
system named the Portable Piezospectroscopy System [4]. This system utilizes a spectrograph,
a charge-coupled device (CCD), as well as a laser source and X-Y-Z stages, providing mapping
capabilities, as can be seen in Figure 4.3. Additionally, this portable system has a computer used
for data collection and deconvolution is carried out using software for the deconvolution and fitting. [4].
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Sample

Snake Mapping Region

Figure 4.3: Portable piezospectroscopy system is used to take snake scans of the samples.
LightFieldTM and COSMOSTM are used with CCD and XYZ stage to organize maps sizes and
settings.[4]

Experimental Parameters and Procedure

At the first phase of the experiment, photoluminescence measurement of 12x22 mm2 area on each
side of the samples was collected. A diode-pumped solid-state (DPSS) laser of 532nm wavelength
with maximum 300 mW output power was used in the portable piezospectroscopy system (PPS) [4]
to collect data at spatial resolution of 500 microns. Laser power was varied from 20 mW to 50 mW
and collection time was adjusted optimizing intensity and noise from signal. A cooling tube from
an air compressor was used to mitigate any heating possibility due to laser emission. Dispersion
maps for each side was plotted as Figure 5.1 to identify side A and side B. Side A was chosen for
DIC speckling while higher alumina particles quantity on side B were expected to provide higher
intensities for higher quality piezospectroscopic data during loading.
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Figure 4.4: Experimental setup for uniaxial tension test with piezospectroscopy and DIC camera

A servohydraulic MTS universal testing machine fitted with serrated grips was used for uniaxial
tensile test using medium graded emery cloth between the grips and the sample [85]. Displacement
control is used with cross-head speed of 0.5mm/min and a limit of 20 kN axial load. At each 5kN
load increment, the sample was held at a constant displacement and PS data was collected. The
hold time for each sample is varied from two to eight minutes depending on the collection time
for PS map. DIC data was collected continuously during the experiment. Figure 4.4 shows the
experiment setup.
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Figure 4.5: Piezospectroscopic and DIC data collection with increased tensile load

During the holds at each 5 kN increment, the material experienced a drop in stress as a result of
stress relaxation. The highest drop in stress was recorded as 50 MPa for which shift in R1 peak
was not significant. Also, as displacement control was used for the tensile loading, DIC images
were consistent before and after the stress relaxation.
To reduce the effect of laser power on the samples, a simple test was performed using the temperature effect on the characteristic R-line of the alumina nanoparticles. Previous work has indicated
that the peak positions of the R-lines tend to shift toward smaller wavenumbers as temperature
is increased [86, 87]. Temperature effect on epoxy-alumina nanocomposite with 5 vol% alumina
nanoparticle is shown as in Figure 4.6 [5]. The temperature coefficient found in this study was
-0.098 cm−1 /◦ C.

27

Figure 4.6: Temperature effect on R1 peak position for 5 vol% epoxy-alumina nanocomposite [5]

For determining the effect of laser power in increasing temperature or damaging the sample, laser
was pointed at one spot on a sample for 30 to 60 seconds with varying laser power and spectroscopy
data was collected. Figure 4.7 shows variation in R1 peak position with time.
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Figure 4.7: Temperature effect on R1 peak position for HCFRP sample without and with cooling
system

In Figure 4.7, the plot for 20 mW laser power is showing a negative slope with increasing time
which is almost one-hundredths of what found for epoxy-alumina nanocomposite. To make sure
that no damage or increase in temperature is occurring during the test, compressed air flow is used
and spectroscopy data with 30 mW laser power was collected. The plot for 30 mW laser power in
Figure 4.7 shows a drop in negative slope even for higher focusing time and laser power. In actual
experiment, the laser was focused at one point not more than 800 ms. Thus, the cooling system is
found effective for this experiment.
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CHAPTER 5: PIEZOSPECTROSCOPIC STUDY OF HCFRP WITH
SIMULTANEOUS DIGITAL IMAGE CORRELATION (DIC)

Objectives

Implementing the methods described in Chapter 2, dispersion maps and piezospectroscopic maps
are plotted for each weight percentage and surface treatment with varying applied tensile load.
Side-by-side plots of dispersion, piezospectroscopy and DIC are then compared and analyzed to
determine correlation between the weight percentages, surface treatments and characteristic of the
nanoparticles in the material while it experiences mechanical load. In each case, these variables
and their effect on dispersion, residual stress and stress due to loading are discussed. Comparisons
are made with the theoretical approach of rule of hybrid mixtures.

Photoluminescence spectroscopy, piezospectroscopy and DIC results from HCFRP Samples

Figure 5.1 shows the intensity maps or representative dispersion for each side of the sample for
all three weight percentages and treatment conditions. Overall results from a total of nine combinations of samples are presented in Figure 5.2 -5.10. Each figure shows the dispersion in the
first row obtained from intensity, piezospectroscopic maps in the second row from peakshifts and
the DIC maps in the third row for different loads. The unit of the intensity in dispersion maps are
arbitrary. The numeric value of the highest intensity varies from sample to sample depending on
weight percentage and sedimentation of alumina nanoparticles. The numeric value of the limits of
piezospectroscopic maps also vary sample to sample and the range depends on the stress state of
the alumina nanoparticles. These maps represent the stress within only the nanoparticles in terms
of their spectral shifts. At zero applied load, the maps show the residual stress from manufacturing.
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All the DIC maps have the same scale as the strain is measured globally and it is independent of
intrinsic parameters that are typical in piezospectroscopic measurement. While the PS maps provide the information on the nanoparticles’ stresses at the microscale only due to the applied load,
the DIC maps show global strain as the load is increased.
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Figure 5.1: Dispersion maps for both sides of each combination of samples
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Figure 5.2: Dispersion maps, piezospectroscopic maps and DIC maps for untreated 6 wt% alumina HCFRP sample
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Figure 5.3: Dispersion maps, piezospectroscopic maps and DIC maps for NRSCA treated 6 wt%
alumina HCFRP sample
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Figure 5.4: Dispersion maps, piezospectroscopic maps and DIC maps for RSCA treated 6 wt%
alumina HCFRP sample
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Figure 5.5: Dispersion maps, piezospectroscopic maps and DIC maps for untreated 9 wt% alumina HCFRP sample
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Figure 5.6: Dispersion maps, piezospectroscopic maps and DIC maps for NRSCA treated 9 wt%
alumina HCFRP sample
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Figure 5.7: Dispersion maps, piezospectroscopic maps and DIC maps for RSCA treated 9 wt%
alumina HCFRP sample
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Figure 5.8: Dispersion maps, piezospectroscopic maps and DIC maps for untreated 12 wt%
alumina HCFRP sample
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Figure 5.9: Dispersion maps, piezospectroscopic maps and DIC maps for NRSCA treated 12
wt% alumina HCFRP sample
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Figure 5.10: Dispersion maps, piezospectroscopic maps and DIC maps for RSCA treated 12 wt%
alumina HCFRP sample

Dispersion of Nanoparticles

Variation in Dispersion due to Weight Percentage

Figure 5.1 highlights that the samples with untreated particles tend to provide the largest amount
of agglomerations and sedimentations among all weight percentages, except in the 9 wt% sample.
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This is seen through the large intensity variations between the surfaces in the 12 wt% and 6 wt%
samples. The 9 wt% sample has the best dispersion of particles for the untreated set in terms of
less sedimented particles and less agglomeration. The samples also exhibit low concentration
lines which run diagonally in both directions as shown in Figure 5.11. The figure shows the
concentration lines on the dispersion maps of 12 wt% NRSCA treated sample.

Figure 5.11: Low conecentration lines as a result of flow media pattern during manufacturing
marked on the dispersion map

These low concentration lines are also observed in the surface treated samples and are artefacts
of the manufacturing process. They share the same pattern as the distribution media used in the
RIFT process; and as such, locations where the fibers of the distribution medium impinged on the
sample show lower concentrations of particles due to a reduced thickness of resin on the surface
of the fiber composites. This effect seems to be reduced by the presence of surface treatments,
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future work will consider testing the effects of distribution media during manufacturing in order to
improve the dispersion of the particles.

Variation in Dispersion due to Surface Treatment

Comparing the dispersion maps of treated and untreated particles for all the weight percentages in
Figure 5.1 it is observed that, in general the dispersion of particles is improved with the application
of surface treatments. The amount of agglomerated particles is also reduced with the application
of surface treatments. In both samples with treated particles, the 12 wt% samples have the least homogeneous dispersion of particles and the 6 wt% samples have the most homogeneous dispersion
of particles. Between both surface treatments, it is seen that the RSCA treatment tends to provide
for smaller intensity gradients indicating better dispersion. The same pattern on the surface of the
composites due to the imprint of the fibers of the infusion mesh through the peel ply, is present
in both treated samples. Differences in the amount alumina nanoparticles present on the surfaces
reduces the homogeneity of the material which will further affect the mechanical properties of the
material. The measurement of intensity obtained in this work highlights inhomogenity and can be
used to establish effects of preventive approach during manufacturing.

Residual Stress of Alumina Nanoparticle

Residual stress is defined as a stress that persists free of external forces or temperature gradients [88]. In composite systems this occurs when one component limits the strain of another [89],
through differences in material properties such as coefficient of thermal expansions or elastic modulus. In reinforced polymer composite systems, the primary source of residual stress is due to volumetric shrinkage associated with the polymerization reaction of the matrix [90]. These stresses
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occur as a result of a conversion of the matrix from a viscous-plastic phase to a rigid-elastic
phase [91]. This conversion is accomplished through covalent bonding of monomers for the development of a polymer network. The bonding decreases distance between the separate groups of
atoms, resulting in decreased atomic spacing and decreases in overall volume. The incorporation
of fibers and nanoparticles that do not accommodate this shrinkage results in residual stresses characteristic of composite materials. Applied surface treatments have an effect on the bonding of the
particle to the matrix, effectively adjusting the properties of the interphase [92, 93, 94]. This is expected to result in differing residual stress states on particles with different surface treatments. The
residual stress in the material can impact the mechanical properties and hence the measurements
of these stresses are of significance in nanoparticles.

Residual Stress due to Different Surface Treatment/Dispersion

The first map of piezospectroscopic maps in the second row from Figure 5.2 to Figure 5.8 shows
the peak shift corresponding to the residual stress of the alumina nanoparticles, as the stress of
the nanoparticles has a direct relation to the R1 peak position as per the Equation 2.2. As the
R1 peak position at 14402.3 cm−1 is known to be in the unstrained state [95], any value lower
than that expresses compressed state of the particles as per the piezospectroscopic characteristic
of alumina. Observing the first piezospectroscopic map in the figures and comparing them with
the dispersion maps, it can be stated that, the locations with less alumina particles are in a more
compressive state than the particles which are sedimented. Figure 5.12 shows how the particles are
visible on the sedimented surface on one side of the sample. Also, due to the flow media pattern,
low concentration lines show more compressive stress on the surface.
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Figure 5.12: Untreated 12 wt%, 9 wt% and 6 wt% samples show the visibility difference of the
alumina nanoparticles on the surface due to sedimentation and wt%

To compare the residual stress on the particles for different surface treatment, average R1 peak
position of the particles are calculated and plotted as Figure 5.13. The plot shows consistency in
residual stress of RSCA treated particles that is less compressive for all the weight percentages. It
is expected that the RSCA treatment helps the particles to be well dispersed in the material thus
reducing contact among the particles. This phenomena likely reduces the residual compressive
stress in the RSCA treated particles as observed in Figure 5.13.
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Figure 5.13: Residual stress on particles for all the combinations

In the dispersion maps shown in Figure 5.1, for 12 wt% samples, we see that the sample with untreated particles experiences slightly more sedimentation than the treated ones. Thus, the untreated
particles are slightly less compressive than the treated particles for the 12 wt% samples. As the particles are highly sedimented, the compressive stress due to particle contact dominates and this will
be discussed later. Overall the 12 wt% samples has less compressive residual stress as it is heavily
sedimented and most of the particles lie on the surface. In 9 wt% samples, surface treatment dominates the residual stress behavior of the particles. RSCA treatment strongly reduces agglomeration
of the nanoparticles and the particles have less contact stress whereas untreated particles show high
compressive stress. For 6 wt% samples, sedimentation of the particles are dominating the contact
stress of the particles having less compressive stress than NRSCA treated particles.
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Effects on Residual Stress due to Loading

The piezospectroscopic maps in the second row of Figure 5.2 to Figure 5.10 shows the variation
of the stress on the nanoparticles due to the applied tensile load on the samples. It was expected
to observe upshift of the R1 peak position i.e. increasing the peak position due to an expected
increase in tensile stress on the particles with increasing tensile load. However, 6 wt% untreated
and NRSCA treated particles, 9 wt% NRSCA treated particles and 12 wt% RSCA, NRSCA and
untreated particles show the opposite characteristic. Treatment with RSCA ensures strong bond
of particles with the resin and particles that are well-dispersed in the material. Thus, when the
sample is loaded with tensile load, alumina nanoparticles contributes accordingly to the load. The
piezospectroscopic maps for RSCA treated alumina samples for almost all weight percentages
show the upshift in R1 peak position though the amount of change in the upshift decreases with
increased particle weight percentage.

Applied tensile
stress

Applied tensile
stress

Fiber
Compressive stress due
to Poisson’s effect
Agglomerated
particles

Tensile stress
on particles

Well-dispersed
particles

Matrix

Figure 5.14: Tensile stress effect on agglomerated and well-dispersed particles
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NRSCA and untreated alumina nanoparticles show a downshift i.e. decrease in R1 peak position
with increasing tensile stress. From earlier residual stress comparison, these samples already have
high compressive residual stress due to their particle contact stress. With increasing tensile load, it
is observed that the agglomerated nanoparticles are experiencing more compressive stress instead
of sensing tensile stress.
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Figure 5.15: Varying stress on alumina nanoparticles due to applied stress on the samples for
different particle weight percentages

To compare the stresses on the nanoparticles for different samples, the average R1 peak position
for a sample is plotted for different applied stress in Figure 5.15. For 6, 9 and 12 wt% RSCA
treated particles, change in R1 peak position due to applied tensile stress follow a slight upshift
as also observed in the piezospectroscopic maps. However, this change is too small to quantify a
trend. From the plot, variation in peak shifts for different weight percentages can be compared. As
12 wt% samples have highest particle concentration, variation between the treated and untreated
particle behavior is negligible compared to the other weight percentages’ functionalization. Insen48

sitivity of particle stress to the overall applied stress to the composite is the general observation
here and in order to investigate this further, the theoretical approach of rule of hybrid mixture
(RoHM) was used.

Rule of Hybrid Mixtures

To determine the strength of a composite material that consists of two different modulus material,
rule of mixtures is a well-known approach [96, 97, 98]. An extended version of the method to use
for three-material composite is

EM = Vf Ef + Vm Em + Va Ea

(5.1)

where subscripts M, f, m and a stand for the material, fiber, matrix and alumina nanoparticles
respectively, E is the Modulus of Elasticity and V is the volume percentage [99]. From the equation
of RoHM, it is possible to estimate the amount of stress taken by the alumina nanoparticle. Figure
5.16 shows the particle stress in both RoHM and piezospectroscopic method for each combination.
Note that the stress in the particle for piezospectroscopic mrethod uses the Equation 2.2 and is
based on the averaged peakshift over the measured area.
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Figure 5.16: Contribution to applied stress (666.67 MPa) using RoHM and piezospectroscopic
method from alumina particles

In general, both RoHM and PS values for stress fall in the same order of magnitude. This validates
PS capability to obtain stress in alumina. As the equation of RoHM does not consider the surface
treatment but includes the volume percentage, RoHM value of stress for same weight percentage is
the same for each functionalization. Whereas piezospectroscopic stress shows difference in stress
on particles due to different surface treatments. From 6 wt% alumina particles, stress contribution
by the particles are higher than that estimated using RoHM method and the highest amount of load
is carried by the RSCA treated particles which is almost double of RoHM estimates confirming
that functionalization plays a significant role in load transfer for 6 wt%. As the weight percentage
of alumina particles increases, RSCA treated particles contribute less to load sharing. It is hypothesized that the less load on the particles means less debonding and damage which makes the
material quality better. Although we would like the particles to take more load for sensing, this
counteracts its role to improve mechanical properties.
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Material Characteristics from DIC and Uniaxial Test

Third rows of Figure 5.2 to Figure 5.10 present the DIC results with applied uniaxial load and
show the global strain of the material whereas the second rows show the stress on the particles
only. The strain maps also show the flow media pattern which conforms to the different stress
region of the material observed in the piezospectroscopic maps. Comparing the DIC maps with the
dispersion maps of side A in Figure 5.1, certain differences in the strain regions can be identified.
It is observed that the regions with agglomerated particles are having lower strain rate. In the
discussion of piezospectroscopic maps, it was seen that the agglomerated particles are having
negligible stress state. Thus, where DIC data only shows the mechanical response of the whole
material, piezospectroscopic maps show the particle stress individually and can also be related to
the strain.

Figure 5.17: Varying strain on alumina nanoparticles due to applied stress on the samples for
different particle weight percentages

Plots in Figure 5.17 show the relation between average R1 peak position representing stress on
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the nanoparticles and axial strain measured from DIC. The plots corroborate the results found in
Figure 5.15 as a fact that the applied uniaxial tensile stress caused global strain in different strain
rates. The strain rate for the same amount of applied stress is varying for different of the samples.
Though the applied uniaxial tensile stress was not continuous, a stress-strain curve can be still
plotted for each load before hold as shown in Figure 5.18.

Figure 5.18: Stress-strain curve for HCFRP samples

The stress-strain curve in Figure 5.18 is plotted for applied stress and resulting global strain measured from the DIC system for all the samples tested. From the dispersion analysis, 6 wt% showed
improvement in particle dispersion with surface treatment. The stress-strain curve for 6 wt% samples are showing improved toughness for RSCA and NRSCA treated particle embedded samples.
For 9 wt% samples, the stress-strain curve coincides with each other as the samples have consistency in dispersion characteristics throughout all the surface treatments. All the samples from 12
wt%, have non-linear mechanical properties and from previous dispersion results, it was observed
that the samples have more agglomeration and sedimentation of the alumina nanoparticles. Thus,
it is clear from the stress-strain curves and dispersion analysis that, dispersion characteristics have
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direct effect on the overall mechanical performance of the material.

Novel Conclusions

In this chapter, results obtained from dispersion maps, piezospectroscopic maps and DIC maps
are analyzed and compared to identify particle behavior under applied load. Dispersion map of
each side of the samples shows the sedimentation properties for different surface treatment and
weight percentage of alumina nanoparticles. Among untreated particles, 9 wt% sample is found
to have best material properties in terms of dispersion and sedimentation. NRSCA and RSCA
surface treatment improved the dispersion and reduced the sedimentation and agglomeration for
each weight percentage.
Residual stress of the particles inside the material was identified using piezospectroscopic maps
at zero load. Difference in residual stress depends not only on the surface treatment and weight
percentage, it also dependent on particle agglomeration and sedimentation, i.e. manufacturing
quality.
Mechanical response of the alumina nanoparticles was also possible to determine using piezospectroscopic characteristic of the alumina particles. It concludes how the homogeneous dispersion
and less agglomeration contribute to sensing the applied stress.
Theoretical approach using rule of hybrid mixtures was performed and compared to the piezospectroscopic result which shows that the RoHM method can estimate the particle stress whereas
piezospectroscopy can determine actual stress acting on the embedded particles. The DIC maps
also conforms to the stress states on the materials due to agglomeration and sedimentation. Global
stress-strain curve shows relation to the dispersion quality of the samples.
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CHAPTER 6: CONCLUSIONS AND FUTURE OUTLOOK

In this work, manufacturing parameter effects on particle dispersion and mechanical response are
investigated through photoluminescence piezospectroscopy with concurrent digital image correlation measurements. From the dispersion maps it was found that the application of silane coupling
agents to the nanoparticles provided for improved dispersion.
Furthermore, the surface treatments tend to provide for more consistent dispersion regardless of
weight percentage. Future work will consider different manufacturing process to reduce the agglomeration and low concentration lines caused by the flow media in the RIFT process.
The residual stress analysis shows the difference in residual stress of the particles that are sedimented, agglomerated or well-dispersed inside the material. Dispersion of the particles and the
surface treatment and weight percentage play a vital role in residual stress of the particles as the
dispersion of the particles is dependent on this parameters.
DIC was used to relate global strain behavior to the micro-level stress of the embedded particles.
With the use of photoluminescence piezospectroscopy, it was possible to identify the stress acting
on the particles individually. As the load contribution from the nanoparticles was small compared
to the applied load on the material, embedded nanoparticles are effective in improving material
properties such as wear resistance, fracture toughness rather than acting as a stress-sensor in the
current configuration.
Previous research shows high stress-sensitivity of nanoparticles when it is applied as a coating on
the surface. Future work will consider a layer of nanoparticle coating which may act as a stresssensor. In this work, particle size was not varied. Variation in particle size may provide more
stress-sensitivity maintaining the desired material quality.
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